The ride comfort of a vehicle is a vital aspect determining competitiveness of vehicles. The comfort is intricately related to feelings of discomfort due to vibration. The discomfort depends on various dynamic aspects of the suspension-seat and surrounding system. In industry, the discomfort due to vibration is assessed by road testing on various surfaces; these road tests may not be accurately repeatable. Discomfort, in general, can be assessed by measurements based on a shaker table and seat combination. These results when used for "in vehicle situations" may not accurately indicate the level of human discomfort in a vehicle. In view of this, to quantify seated human discomfort in a vehicle, measurements were performed using a four-post rig simulator; the setup allows controlled in-situ experiments to be conducted. A group of six subjects were exposed to sinusoidal vibration at five magnitudes in the vertical direction for heave, roll and pitch motion. The objective is to develop a discomfort metric which could be used to compare vehicles. The preliminary results show varying significance of roll, pitch and heave motion. The results, however, confirm the nonlinear variation of perception as a function of the physical stimulus. The test setup can be used to study the effects of complex road inputs and eventually may contribute towards reduced reliance on road tests.
INTRODUCTION
The ride comfort of a vehicle is one of the most critical parameters in determining the competitiveness of the vehicle. The ride comfort depends significantly on the response of and its perception by the human subject to vibratory inputs [1] . The vibratory frequency response of the human subject, the excitation spectrum and the exposure time play an important role. The effect of vibration is quantified by perceived discomfort. Recent studies [2] [3] have shown an intricate and complex relation between feelings of discomfort and comfort. In this study, discomfort is used throughout in relation to the perception of vibration. The discomfort depends on various dynamic aspects of the suspension-seat, surrounding system and the inputs. The vibratory inputs are dependent on the vehicle dynamics and the road inputs. In this study discomfort due to vibration in a vehicle is assessed using a fourpost rig setup, consequently, the process should allow comparison of behaviour of vehicles under road conditions.
In the industry and in some research studies, the vehicles are driven on different types of roads and the perception of drivers is collated to determine discomfort. For example, the participants drive a car for up to 15 minutes in a study [4] conducted to quantify discomfort. The exposure time used is not consistent in the studies so far. For example, the subjective response of a seated human participant was measured in a small automobile driven on a road and the analysis of a 15 second segment used to quantify discomfort [5] . The road tests in a vehicle, however, may have significant uncertainties as: a) the inputs may not be repeatable and statistics not consistent and b) the uncertainties in human perception may be difficult to quantify.
Alternatively, the lab based comfort indices developed using the shaker table tests [1, 6] can be utilized to assess ride comfort. Here equal discomfort contours can be combined with the seat vibrations to obtain an index of discomfort in a vehicle. There are two concerns in using this approach. Firstly, the approach may not account for the influence by the surroundings on discomfort. For example, the presence of a steering wheel and foot pedals may have some influence on the perceived discomfort. Secondly, some input aspects are not accounted for in current shaker table tests such as the correlated inputs that are experienced by road cars. The road inputs to any car can result in a complex form of vibration consisting of vertical motion (bounce) superimposed by rotational motion (pitch, roll and yaw).
The lab based assessment methods of discomfort due to vibration are varied. The methods, however, invariably use some form of shaker table. These shaker table rigs are often known as motion simulators; they consist of a multi-axis shaker table and a motion platform with a seat combination. This setup is a mechanism to create the effect/feeling of being in a moving vehicle. There are many published results on the use of shaker table tests to measure discomfort indices. For instance, in [7] 30 men and 30 women participants were exposed for 8-second vibratory inputs in an experimental study with unrestrained sitting positions on the vibrator plate; in [8] 16 subjects participated in the tests and 6 different automotive seat combinations were attached to a shaker to conduct experiments to define "bad", "worst" and "good" seats. Although this area of research has been explored extensively, the test setups may not capture the complexity of vibration input required and further they do not include the effects of the surroundings inside the vehicle.
There are other approaches that can be used to quantify discomfort in a relative sense; one approach where the vehicle dynamics effect is isolated is by defining discomfort based on the vibration levels on the seat [1, 6] . Many researchers have been performing studies involving objective measurements to predict seat comfort without a seated subject. The applicability of these measures to predict vehicle discomfort is questionable [1] . There are standards written on the test procedures and analysis of the results [9] to assess seat effectiveness. The study of dynamics of seat with a seated subject has also been an active field of research [1] . The transmissibility measurements from the support floor to seat surface are often used to quantify the discomfort due to vibration.
Vibration transmissibility [10] and apparent mass [11] have been used to analyze the influence of occupant-seat dynamics. The transmissibilities of seat-to-head (STH) [10] , road-to-vehicle floor, road-to-driver seat and seat-to-human can also be used to define the discomfort metric. Restrictions based on the time limit of exposure to vibration for health reasons have been reported in [9] [10] ; the exposure duration is a critical parameter which affects human perception [1] . Humans react to vibration at 4-8 Hz and they have maximum sensitivity below 6 Hz and above 15 Hz in the vertical direction. At around 20-30 Hz head experiences resonance. Four Hz is observed to create discomfort in humans because shoulder, neck and head resonate in some combination at around this frequency [7, 9, 12] .
The dependence of discomfort on vibration response frequency content and exposure time is of continued interest to researchers. The human response to vibration excitation depends directly on the characteristics of the vibration excitation and the dynamics of the occupant-seat combination. Specific frequency value, the magnitude of vibration, amplitude and the exposure duration are the main factors used to characterize the excitation [3] . In [10] an electro-hydraulic motion simulator was used to conduct experiments on 18 male participants to quantify transmissibilities based on two-directional random inputs; a group of 60 subjects participated in the test using a hydraulic vibrator platform to measure apparent mass and its variation [11] .
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Various effects of vibration on the human body are captured in some average sense by frequency-weighting and time duration as published in ISO 2631-1 [9] . This standard provides curves that relate discomfort as a function of human response to vibration over a frequency range 1-80 Hz along with exposure time limits; the frequency ranges are clearly defined, for example, 0.5-80 Hz is important for health, discomfort and perception and 0.1-0.5 Hz is vital for motion sickness studies.
The perception of vibration has been described using various descriptions. The discomfort due to vibration may be described by "feeling/sensation" from sitting on a vibrating seat for a short period of time. The discomfort levels were determined in [12] based on "the subject was asked to adjust sensation in order to describe disturbing level, equal sensation and objective sensation both in the different frequency intensity and same frequency intensity". Oborne has investigated a questionnaire method to assess the effects of vibration on passenger discomfort. This method and other related studies quantify the discomfort by using such labels as "perceptible, comfortable, intolerable, discomfort, annoyance, levels of perception etc... " [7, 12] .
As discussed above, some studies have been published on subjective assessment for quantifying the ride comfort and several on objective quantification using ideal test conditions on a shaker table. However, existing approaches of discomfort quantification may not be enough either to improve ride comfort or to quantify the human comfort to compare vehicle performance. The methods using in-situ measurements are required to compare vehicles reliably. The present study focuses on testing and developing discomfort indices by a) using the inputs that are repeatable and b) considering the complex behaviour of the car to a given input. In the research, effort is made to investigate an objective method for determining and quantifying human discomfort in a vehicle using a four-post rig, which will allow consideration of complete dynamics.
Dynamic measurements were conducted using a set of varying inputs (both in frequency and amplitude) on six trained (trained not in discomfort studies, but about the operation and rating systems of the experiment) seated participants sitting on the driver's seat in a car on the four-post rig with an exposure of 17 seconds duration and were asked to define their feelings. A discomfort scale and vibration input levels were determined based on the safely achievable vibration levels on the seat. The number of participants was restricted to 6; it is a preliminary study. To simulate driving conditions to an extent, the participants were asked to hold the steering wheel and use the accelerator pedal. The database generated in the experiment has been used as a reference to develop a discomfort metric for an integrated human-car-seat behaviour. In what follows, the test procedure is briefly discussed providing details of the setup, the discomfort scale, the vibration input and the procedure of the experiment. The vibration measurement data are analysed. The results relating perception and vibration levels are critically discussed. The conclusion of successful implementation of the experimental setup and future directions for research are given.
EXPERIMENTAL DESIGN AND PROCEDURE 2.1. Experimental setup
A small car was set on the four-post rig ( Figure 1 ) to generate vibration response, seat response and eventually to obtain transmissibility parameters. The parameters of the car are listed in Table I . The four-post rig comprises of four road input electrohydraulic actuators, one supporting each wheel. On top of each actuator there are wheel pads on which wheels rest. The pad heights are adjustable [13] so that the required displacement input can be given. The position of each actuator can be controlled independently to impart the required displacement, velocity and acceleration. The four-post rig along with the car acts as a dynamic test simulator implementing the effect of the road surfaces on vehicles to primarily test suspension systems [13] [14] for the handling of vehicles; in this study the scope of the test is Vol. 31 No. 1 2012 T Ibicek and A N Thite extended so that the rig acts as a simulator to conduct experiments to investigate passenger discomfort. Figure 1 .
The arrangement of a car on the four-post rig electro-hydraulic shakers. Track width 1.46m
The system allows conducting of discomfort studies when the vehicle travels in a straight line, makes a turn and changes lane [14] ; the controlled actuation of the four posts of the rig allows replication of the driving situations. In effect, a participant will feel a real driving condition on the road as experienced when sitting in the car. Seated human sensitivity to road conditions, driving and vehicle dynamics can be investigated. To perform these types of experiments on the shaker table significant background information on the vehicle being tested, the road condition and associated occupant information is required. In four-post rig tests, additional information of combination of vehicle dynamics and biodynamics, like vibration transfer from the road to the vehicle floor, driver seat, driver body and head in multi directional because of heave, pitch and roll motion can also be quantified. Briefly, it allows creation of the relative discomfort metric of different test setups at different frequency levels, inputs and specified exposure times. The body motions of the car considered in this study are: a) Heave (Bounce): Car body moves vertically (z-direction), b) Pitch: Rotation of the car body about its lateral axis (x-direction) and c) Roll: Rotation of the car about its longitudinal axis (y-direction). In general, due to vehicle dynamics it is highly unlikely to be successful in moving the car purely in heave or pitch or roll. Attempts can be made to reduce the motion coupling effect so that only one form of motion is dominant. This phenomenon can be a limitation in case one is interested in replicating results of the shaker table tests. On the other hand, as the car dynamic behaviour is never purely a motion of heave or pitch or roll, the setup can be advantageous in replicating "real" motion.
The pitch motion is generally considered objectionable [15] and is the primary source of longitudinal vibrations at locations above the centre of gravity. In the heave motion, the whole vehicle rises and falls evenly, with no rotation about any axis. Apart from pitch and heave motion, vehicle roll can become important input when a Quantification of human discomfort in a vehicle using a four-post rig excitation
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vehicle is making a turn. Understanding the pitch, roll and bounce motions is essential as their combination determines the vertical, longitudinal and lateral vibrations at any point on the vehicle or where the vibration measurements are made; the ride motion is not pure heave or pitch or roll; it is some combination of these.
To visualise the system that is being studied, for example, the heave and pitch motion effect can be modelled by integrating a half car lumped parameter model (pitch plane model) with a 2 degree of freedom human-seat model. This model is shown in Figure 2 . The human subject model is simplified to be represented by just two DOFs where upper torso motion is treated as one DOF and the lower torso along with seat equivalent parameters combined is treated as another DOF. In the figure, the road inputs are applied where the shaker posts of the rig are in contact with tyre. The output accelerations were measured on ( Fig 2) the seat surface (x3), suspension (x 1 and x 2 ) based on the given inputs y 1 and y 2 . The data is acquired using a custom built data acquisition system controlled by Dynosoft MX multi-axis test control and acquisition software at the rate of 200Hz. Frequencies of up to 50 Hz can be used in the experiments; however, the full range will be not used in this investigation. Although random inputs could be used in the experiments to replicate the road profile, to understand the effect of input frequencies and levels sinusoidal inputs were preferred. This allows: a) to develop input frequency and level based discomfort metrics and b) to assess the effect of combined resonant behaviour of the vehicle and human subject dynamic system. Vibration responses were measured using: a) SD Silicon Design 2210 accelerometers with sensitivity-differential 400 mV/g and a range of ± 10g and b) Dytron 5313A triaxial seat pad accelerometer with sensitivity 99.10 mV/g and a range of ± 50g. In the experiment, two accelerometers were mounted in the diagonal position on the floor and two were mounted on the seat surface along with a triaxial seat pad accelerometer to measure multi-axis motion of the floor and the seat respectively in the vertical direction on the four-post rig.
Subjects
A group of six healthy university students (3 male and 3 female) participated in the study. The investigators presented and discussed details of the procedure and the discomfort scale with participants before the start of experiments. The physical parameters of participants were noted as these details can have a significant influence on the outcome of the study. For example, Jonsson and Johansson [16] observed a reduction in the vibration response for increased body length. The participants were aged between 22 and 30 years, with body masses between 50 and 85 kg and body height between 1.50 m and 1.85 m. The sitting heights of the participants, the temperature of four-post rig area and tyre pressure were recorded. On condition of the participant's agreement, the experiments was recorded by a camera.
Procedure
A small car (see Table I ) was set on the four-post rig simulator. The subject sat inside the car in a comfortable driving sitting posture, looking straight ahead, with hands on the steering wheel, wearing a seat belt. The responses of seated subjects in the car were measured at frequencies up to 15 Hz at every 1 Hz increment; at each frequency they were exposed to sinusoidal vibration for 17 seconds; five excitation amplitudes were used (the amplitudes used are given later in this Section). The input RMS accelerations at the seat-occupant interface were between 0.1 and 1 m/ s 2 . The largest acceleration level safely achievable at some frequencies is restricted because of vibration isolation properties of the vehicle suspension system and the vehicle stability. The experiments were designed such that exposure duration (much less than 10 minutes) and the weighted acceleration (less than 1 m/s 2 ) were both well within the guideline limits proposed in ISO 2631-Health Caution Zones. The experimental procedure and its design were developed based on the car characterization tests. In car characterization, the driver seat response, transmissibility and backrest response were measured without a seated human in the car on the four-post rig. These tests, as expected, indicate the influence of vehicle dynamics on the input parameters of the proposed experiment. The amplitudes and frequencies for pitch and roll were restricted by the stability of the car on the four-post rig. The angular motion required to achieve seat vibrations at these frequencies needed input amplitude levels which were so large that the car would move sideways and forward respectively in roll and pitch, eventually in danger of coming off the shaker posts. As discussed earlier, it is to be noted that it is difficult to excite the car purely in heave, roll or pitch modes; the reason is that the modes are likely to be well coupled. In this paper, for example, the description heave motion input, essentially means the motion is dominated by the heave resonant mode of the car.
The seated subjects were given a 'definition of discomfort' scale, which is listed in Table II . There are several scales and associated vibration levels available from the published data. Because of the restriction on maximum RMS acceleration achievable in a vehicle they cannot be adopted to this study straightforwardly. As discussed in Section 2.1, this limitation may not allow comparison of outcomes of the current study with published data.
In the experimental protocol, after going through vibration inputs at a frequency, the subjects were asked to assign a number representing the discomfort scale. In the excitations for a particular car motion, the rig starts from stand still position, therefore transients and frequency contamination may be an issue to be considered. To overcome anticipated difficulties, the frequency and amplitude were gradually Quantification of human discomfort in a vehicle using a four-post rig excitation
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increased from zero to the required values so that no transients were experienced. Figure 3 gives one such input i.e. pad acceleration at 5Hz frequency, it is clear that by 5 sec the input reaches the required values and it stays same until 15 sec is reached and after that gradually reduces to zero amplitude. Figure 4 shows corresponding seat acceleration from one of the accelerometers. As expected, transients do not build-up. The 10 sec duration time history between 5 sec and 15 sec is analysed to correlate subjective and objective assessment. Highly uncomfortable 5
ANALYSIS OF THE RESULTS
In car characterization, the driver seat and floor response and floor-to-seat transmissibility (one type of frequency response function) with respect to the four-post rig pads were measured without a seated human in the car on the fourpost rig; the inputs used were heave, pitch and roll motion. The maximum frequency was limited to 20 Hz. The input used for this purpose was a swept sine. These tests were carried out in order to understand the vehicle response to vibration for given road inputs and create a procedure for objective measurements with human participants. To estimate transmissibilities, dynamic responses were recorded by Dynosoft MX software and were then analysed using MATLAB tools. Specifically, a transfer function estimator and statistical estimation methods are used to estimate transmissibilities and root mean square acceleration respectively. The transfer function estimator used to obtain the transmissibilities is given by:
where, H(w) is transfer function or frequency response function, G xy (w) is the cross power spectral density of the input acceleration and output acceleration and G xx (w) is the auto power spectral density of the input acceleration. In Figure 5 the floor frequency response (i.e. eventual input for seat vibration studies) with respect to the pad inputs (pad motion is the source of vibration that simulates the road and the tyre contact) is given. The vehicle shows clear resonant behaviour. The first dominant peak occurs at 1.75 Hz where the transmissibility is 1.5. This peak corresponds to the car body bounce or heave mode of vibration. The second peak, which represents the wheel motion dominant mode (generally called hub mode) of the car, occurs at 13.25 Hz where the transmissibility is 0.4. Small variations are also seen around 8Hz. There are four curves in all in the plot; these correspond to four inputs. As seen, all four transmissibilities are almost identical which gives confidence in the rig inputs. The characteristics discussed above influence the inputs to the seat and eventually human vibration response. This vehicle motion can be replicated by shaker table tests provided the simulator can perform three dimensional motion. Based on all the measurements on the car, the resonances and corresponding amplification factors are listed in Table III . The seat bounce, pitch and roll have significant amplification factors at frequencies of 11Hz, 12Hz and 13Hz respectively. Vibration transmissibility to floor with respect to the input at pads in heave motion. For correlating the subjective and objective measurements, a single value to indicate the level of vibration response is required. The root mean square (RMS) value is generally used. The RMS value of response is given by (2) where a RMS . is the RMS acceleration, T is the measurement duration, and a(t) is the acceleration at time t. The acceleration used is equivalent vertical motion of the seat and occupant combination for heave or pitch or roll input. A discomfort metric was developed using the relationship between RMS acceleration value and subjective assessment. Figure 6 shows subjective assessment of a seated participant with respect to the measured linear seat output acceleration in heave motion at 5 Hz road input.
Over the acceleration levels, as expected the discomfort index varies. The index varies from 2 (noticeable but not uncomfortable) to 5 (highly uncomfortable). The perception does not vary linearly with respect to input vibration amplitudes and in fact, the discomfort appears very sensitive to changes at lower amplitude vibrations.
t d t T
At larger vibration amplitudes the feeling appears not to change drastically and remains as highly uncomfortable. Based on the characterization of the car, at 5Hz the two dominant resonant modes, heave and pitch of the car, can have significant contributions; some contribution may come from the roll mode. The roll mode is not excited greatly here due to the nature of the input.
Figure 6.
Subjective assessment by perceived discomfort of a seated subject due to the RMS seat output acceleration in heave mode at 5 Hz road input.
The measurements on six participants were then post-processed to obtain the discomfort index variation as a function of input acceleration levels. Figure 7 shows results for the heave input. The variability in the feelings of six participants is significant; but as the sample size is small, it is difficult to perform complete, robust statistical evaluation. However, based on the limited information from the experiments, for a given input the perceived range of discomfort is large. The discomfort index variability appears similar for the range of inputs used. Figure 8 shows corresponding results for pitch motion of the car at 5Hz. This input produces smaller equivalent seat vertical motion than anticipated from the car characterization results. In the subjective assessment, pitch motion was rated the most uncomfortable at 5 Hz. This is in spite of the equivalent vertical vibration levels being much smaller than in heave motion; the reason may be the combined effect of heave and pitch modes. The result for roll motion is shown in Figure 9 . The variability in the discomfort index is much larger for the larger input levels than the smaller ones. Further, this variability is generally larger when compared with the pitch and heave motion (Figures 7-9 ).
In the experiments, the target seat RMS acceleration achieved varied for some participants for a particular input; the variation was input dependent, being smallest for heave motion and largest for roll input. This shows the effect of the human body on the transmitted vibration from the road to the seat; no changes were made to inputs at tyres to achieve target seat-occupant vibration levels. Perceived discomfort of a seated subject due to the RMS seat output acceleration in roll mode at 5 Hz road input. Subjects 1 (+), 2(᭺), 3(*), 4(x), 5(ᮀ), and 6(◊).
DISCUSSION
The human subjects are affected by vibration to varying degree because of body dynamics. The resonance behaviour affects human discomfort, which is influenced by the frequency and the magnitude of the vibration input. The proposed setup allows excitation in all possible directions which in future studies can be used as a basis for analysis of directional sensitivity. The control of the vibration transmitted to the head is difficult to quantify reliably in a vehicle due to the fact that the neck stiffness varies significantly in the lateral direction during the motion. This is specifically applicable to the roll motion. In heave motion, the inputs could be controlled to achieve required head output due to the more predictable environment. The majority of participants observed that the car was more comfortable in heave motion than pitch and roll motion. At some frequencies, the roll motion was more tolerable than heave and pitch motion; due to vehicle dynamics at some frequencies the roll motion appeared to occur in combination with yaw motion, which felt less uncomfortable for the subjects. This behaviour may be specific to the car tested. Furthermore, the general feeling was that at small amplitudes the pitch motion perceived as uncomfortable.
CONCLUSION
A seated human in a car on the four-post rig simulator was studied for analysis of discomfort due to vibration. Vibration inputs of varying frequency, magnitude and directions were used. Seated subjects were found to change the seat response and in turn may have affected the subjective rating. The results here may be, to some extent, affected by the type of car tested. The vehicle dynamics could have a significant influence on the subjective rating because of coupling between the various modes of vibration. Overall the four-post rig setup was successfully used in conducting human discomfort tests for a particular vehicle. Test setup can be used to study the effects of complex road inputs and eventually may reduce reliance on road tests.
In future work, this study could be extended to a largeer group of participants and also to investigate the correlation between multi-axes excitation and corresponding Quantification of human discomfort in a vehicle using a four-post rig excitation JOURNAL OF LOW FREQUENCY NOISE, VIBRATION AND ACTIVE CONTROL response and its influence on the discomfort metric. The statistics from this study may lead to further insights into how the weight and height influence the seated human vibration and how much vibration is transmitted both in a small car and a big car to the human body.
